The analysis of the outgrowth pattern of spinal axons in the chick embryo has shown that somites are polarized into anterior and posterior halves. This polarity dictates the segmental development of the peripheral nervous system: migrating neural crest cells and outgrowing spinal axons traverse exclusively the anterior halves of the somite-derived sclerotomes, ensuring a proper register between spinal axons, their ganglia and the segmented vertebral column. Much progress has been made recently in understanding the molecular basis for somite polarization, and its linkage with Notch/Delta, Wnt and Fgf signalling. Contact-repulsive molecules expressed by posterior half-sclerotome cells provide critical guidance cues for axons and neural crest cells along the anterior -posterior axis. Diffusible repellents from surrounding tissues, particularly the dermomyotome and notochord, orient outgrowing spinal axons in the dorso-ventral axis ('surround repulsion'). Repulsive forces therefore guide axons in three dimensions. Although several molecular systems have been identified that may guide neural crest cells and axons in the sclerotome, it remains unclear whether these operate together with considerable overall redundancy, or whether any one system predominates in vivo. q
Introduction
In building its peripheral nervous system (PNS), the embryo of a terrestrial vertebrate faces a problem: the spinal cord needs to be encased by protective, weightbearing vertebrae, yet its PNS derivatives must navigate through the developing vertebral column, and avoid being submerged in cartilage and bone. The solution is to pattern the early elements of the PNS -migrating neural crest cells and outgrowing motor and sensory axons -according to the segmented (reiterated) pattern of the vertebral precursors, the mesodermal somites. During the last two decades the experimental accessibility of the chick embryo has provided an excellent model system in which to study the relationship between PNS segmentation and somite segmentation. In parallel, it has provided one of the earliest models for the analysis of the molecular factors that regulate the guidance of growing axons and migrating neural crest cells. In reviewing both of these advances, we focus here on the vertebrate trunk. Many of the cranial nerves are also segmentally patterned, having metameric origins in the hindbrain rhombomeres and metameric targets in the branchial arches; the development of hindbrain segmentation is discussed in an accompanying review (Lumsden, this issue).
Somites and peripheral nerve development
Somites arise from the mesenchymal paraxial mesoderm in a regular rhythmical sequence, budding off in an anterior -posterior (A -P, cranio-caudal) direction as pairs of epithelial spheres, one sphere on each side of the neural tube. As discussed in an accompanying review, this process is driven by a clock mechanism involving Notch, Wnt and Fgf signalling (O. Pourquié, this issue). With increasing maturity, each somite then transforms into a diverse set of tissues (Fig. 1A) . In a further epithelio-mesenchymal transformation, the ventro-medial somite cells disaggregate to form the mesenchymal sclerotome, expressing transcriptional regulators such as Pax1, Pax9 and cFkh-1 under the influence of sonic hedgehog and noggin signalling from the midline notochord and floorplate (Deutsch et al., 1988; Fan and Tessier-Lavigne, 1994; Peters et al., 1995; McMahon et al., 1998; Furumoto et al., 1999; Stockdale et al., 2000) . The sclerotome, together with the midline notochord, subsequently differentiates into the vertebral column and ribs (see below). The remaining dorso-lateral portion, the dermomyotome, is destined to form axial dermis (from its dermatome subdivision) and skeletal muscle (from the myotome subdivision; Keynes and Stern, 1988; Christ and Ordahl, 1995) ; and a further zone of somite cells, the 'syndetome' located between the myotome and the sclerotome, forms the tendon progenitors attaching segmental muscles to vertebrae (Brent et al., 2003) . The past few years have seen remarkable advances in our understanding of the molecular details of somite development, and the underlying changes in gene expression that lead to the individuation of each somite component (for review see Stockdale et al., 2000) . We concentrate here primarily on the development and patterning of the sclerotome, since this region of the somite is critical in determining the early segmental patterning of the PNS.
With the appearance of the somites, neural crest cells in the trunk region of the embryo begin to migrate from the dorsal neural tube, confronting the somites and navigating them in two main streams. One stream runs dorso-lateral, between the ectoderm and somites, and these cells will differentiate into melanocytes. The second stream is ventral; the earliest of these cells migrate between adjacent somites, coming to lie alongside the dorsal aorta and contributing to the sympathetic ganglia (Le Douarin and . With the appearance of the sclerotome, however, crest cells now selectively invade the anterior half of each sclerotome, avoiding the posterior half-sclerotome (Fig. 1A) ; some of these cells coalesce to form the segmentally arranged dorsal root (primary sensory) ganglia alongside the spinal cord, and the sympathetic ganglia alongside the aorta, while the remainder differentiate into Schwann cells of the motor and sensory spinal axons (Rickmann et al., 1985; BronnerFraser, 1986; Teillet et al., 1987; Le Douarin and Kalcheim, 1999) . Shortly after the onset of neural crest migration into the anterior half-sclerotomes, motor axons project from the ventral neural tube through the sclerotome, and their growth cones show the same selectivity for anterior -over posterior half-sclerotome ( Fig. 1A,B ; Keynes and Stern, 1984) .
The amenability of the chick embryo to microsurgical transplantation has provided a convenient model in which to analyse this preference of migrating crest cells and spinal axons for anterior -rather than posterior halfsclerotome. It was shown, first, that when a portion of the paraxial, presomite mesoderm, 2-4 presumptive somites in length, is reversed along the A -P axis, motor axons grow through the original anterior half-sclerotomes, now in reversed position; however, A -P rotation of a length of neural tube does not alter the polarity of axon outgrowth within the sclerotome, so segmental patterning of the spinal nerves is imparted by the A -P subdivision of the somites and is not an inherent property of the neural tube (Keynes and Stern, 1984 ). This conclusion has been supported by several further observations; for example, axon outgrowth in ovo into surgically constructed multiple anterior halfsclerotomes is unsegmented Kalcheim and Teillet, 1989) ; and, like motor axons, neural crest cells migrate through the original anterior halfsclerotomes after A -P somite reversals (Bronner-Fraser and Stern, 1991) . It has also been shown that both sensory ganglia (Kalcheim and Teillet, 1989) and sympathetic ganglia Kalcheim and Goldstein, 1991) are unsegmented after constructing multiple anterior half-sclerotomes. Last, although removal of the dermomyotome alone does not affect PNS segmentation (Tosney, 1987) , DRG segmentation is disrupted by selective ablation of the dorsal part of the somite, while spinal axon segmentation is disrupted by selective ablation of the ventral somite (Tosney, 1988) .
The polarity of the sclerotome, revealed by the pattern of early PNS development, is matched by a visible boundary between anterior and posterior sclerotome halves, first observed by von Ebner (Ebner, 1888) , which neither crest cells nor axons traverse. Transplantion experiments grafting quail half-somites into chick embryos have shown that anterior cells are non-miscible with posterior cells, and that confrontations between them generate boundaries . The A -P subdivision of the somite is therefore necessary for the formation and/or maintenance of somite/sclerotome boundaries, as well as for segmental patterning of the PNS. It is also important in the segmental patterning of the vertebral column, since each halfsclerotome contributes to positionally distinct elements of each vertebra, as first suggested by Remak (1850) ; for a detailed discussion of the relationship between sclerotome and vertebral patterning, see also Christ et al. (2000) . It is intriguing that A -P polarity can be uncoupled experimentally from epithelial somite formation; if the ectoderm overlying the unsegmented mesoderm is removed, mesodermal segments with normal molecular A -P polarity still develop, but these fail to undergo overt morphological segmentation into the epithelial rosettes characteristic of newly formed somites (Palmeirim et al., 1998; Correia and Conlon, 2000) .
It is likely that segmental outgrowth of the PNS is determined by the A -P sclerotome polarity in all reptiles, birds, and mammals; in these species the sclerotome is a substantial component of the early somite, presumably because of the requirement to construct a weight-bearing vertebral column at an early stage, and the A -P subdivision of the sclerotome has been described in all three vertebrate classes (Keynes and Stern, 1988) . In fishes and amphibians, on the other hand, the sclerotome is a minor component of the somite during the initial stages of PNS segmental patterning (Morin-Kensicki and Eisen, 1997), and in these species the role of the sclerotome is less well defined. Classical experiments on PNS segmentation in amphibians showed its dependence on somite segmentation (Lehmann, 1927; Detwiler, 1934 ), but did not resolve which somite component may be critical. More recently, Morin-Kensicki and Eisen (1997) have carried out a detailed study of this question in the zebrafish, and have shown that removal of the sclerotome does not disrupt the patterning of primary motor axons on the myotome, nor of dorsal root ganglia. Analysis of zebrafish paraxial mesoderm mutants strongly suggests, nonetheless, that signals from the paraxial mesoderm regulate the segmental patterning of primary motor neurons (Lewis and Eisen, 2004) . The molecular nature of these signals is unknown at present, and the mutant analysis (Lewis and Eisen, 2004) indicates that they are unlikely to be related to known genes that subdivide zebrafish somites along the A -P axis (Bernhardt et al., 1998; Durbin et al., 1998 Durbin et al., , 2000 Holley et al., 2000; Henry et al., 2002) . When identified, it will be interesting to see whether they have equivalent roles in the spinal cords of reptiles, birds and mammals. In these species the cell bodies of the spinal motor neurons are not arranged in an overtly segmented manner, yet segmental cell lineage restrictions may nonetheless exist, having been detected in the developing chick spinal cord. Here, their period matches, and alternates with, the somite period, and their maintenance is likewise dependent on the presence of the somite mesoderm . It is also unclear whether the 'boundary cap cells', identified in amniote embryos as important regulators of the ventral root exit points for motor axons (see below), have any homologues in the fish. Reaume et al. (1992) ; (2) Bettenhausen et al. (1995) ; (3) Until recently it was not realized that motor neuron cell bodies are actively prevented from migrating out of the spinal cord, in contrast to their segmented axons. Motor axons exit, and sensory axons enter, the early neural tube at well-defined points, characterized by accumulations of special neural crest cells called boundary cap cells (Altman and Bayer, 1984; Niederlander and Lumsden, 1996; Golding and Cohen, 1997) . A crucial role for boundary cap cells in allowing motor axons to exit the neural tube, while simultaneously preventing the mixing of PNS and CNS cells, has now been elegantly demonstrated (Vermeren et al., 2003) . Surgical ablation of the neural crest in chicks, or genetic removal of boundary cap cells in mouse, has little effect on the segmental outgrowth of motor axons but, remarkably, it results in motor neuron cell bodies translocating aberrantly along their axons into the periphery (Vermeren et al., 2003) . The molecular nature of this barrier to cell migration remains to be determined, but it is clear that the integrity of the PNS/CNS interface is highly dependent on boundary cap cell function. Perhaps similar mechanisms exist to retain primary sensory neurons outside the spinal cord, allowing only their axons to penetrate the cord.
Molecular determinants of the anterior -posterior subdivision of the somite
During the past decade several transcriptional regulators have been identified that are involved in establishing the A -P polarity of the somite, and these are summarized in Fig. 2 . Studies in chick, mouse and zebrafish embryos have revealed that the generation of A -P polarity in the somite is linked to the operation of a molecular clock that underlies mesodermal segmentation, and to Notch-Delta signalling associated with it (see accompanying review by O. Pourquié). Mesp2 has been shown to be a central mediator of Notch signalling in the somite mesoderm, generating A -P polarity in the presumptive somite via a complex signalling network also involving Dll1-and Dll3-Notch signalling and the Notch regulator presenilin 1 (Koizumi et al., 2001; Nomura-Kitabayashi et al., 2002; Takahashi et al., 2003) . Identifying how this network interacts with other transcriptional regulators involved in establishing A -P polarity, such as the T-box transcription factor Tbx6 (White et al., 2003) , the homeobox transcription factors Meox1 and Meox2 (Mankoo et al., 2003) , and the bHLH transcription factor paraxis (Johnson et al., 2001) , as well as with Wnt and Fgf signalling, remain important challenges for future research.
Molecular determinants of PNS segmental patterning
The sclerotome polarity was identified as a critical determinant of PNS segmentation by transplantation experiments in the chick embryo, since when studies have largely focussed on the underlying molecular mechanisms. In principle, crest cells and growth cones might be attracted by molecules expressed by anterior half-sclerotome cells and/or repelled by those from posterior half-sclerotome cells (Keynes and Stern, 1984) . Several extracellular matrix proteins, including laminin, collagens, fibronectin, integrins, tenascin-C and thrombospondin, are expressed by neural crest cells and/or anterior half-sclerotome cells, and are likely to promote crest migration in the anterior halfsclerotome. For example, tenascin-C knockdown by morpholino antisense oligonucleotides in ovo has been shown to block crest migration into the somites (Tucker, 2001) . To date, however, there is no evidence that these proteins play a critical role in the preference of the crest for this part of the sclerotome (Duband et al., 1991; Perris et al., 1991a; Tucker, 2001 ; for review see Perris and Perissinotto, 2000; Krull, 2001) . As discussed below, most recent work has concentrated on the ability of posterior cells to repel migrating crest cells and growing axons; indeed, this chick system was one of the earliest to provide good evidence that cell -cell repulsion is a major mechanism in constructing the nervous system (Keynes and Cook, 1990) .
Using the growth cone collapse assay to monitor the presence of contact-repulsion of axon growth (Raper and Kapfhammer, 1990) , detergent extracts of chick somites were shown to induce the abrupt collapse of primary sensory axons (Davies et al., 1990) , and motor axons (Vermeren et al., 2000) growing on laminin in vitro. Moreover, detailed in vitro observations of the interactions between motor axon growth cones and posterior half-sclerotome cells have shown behaviour consistent with contact-repulsion (inhibition of protrusive veil formation and avoidance of posterior cells), while contact with anterior cells stimulates growth cone motility (Oakley and Tosney, 1993) . It is also likely that contact-repulsion by posterior cells, rather than long-distance repulsion (chemorepulsion), is the main repulsive mechanism; no evidence for chemorepulsion by posterior half-sclerotome cells has been detected in cocultures of these cells with primary sensory axons in Dunwoodie et al. (1997) ; (4) Koizumi et al. (2001) ; Takahashi et al. (2003) ; (5) Johnston et al. (1997) ; (6) Oka et al. (1995) ; (7) Palmeirim et al. (1997) ; (8) Saga et al. (1996) ; (9) Burgess et al. (1995) ; Barnes et al. (1997) ; (10) Füchtbauer (1995) ; Stoetzel et al. (1995) ; (11) Ellmeier and Weith (1995) ; (12) Chapman et al. (1996) ; (13) Kraus et al. (2001) ; (14) Candia et al. (1992) ; (15) Mansouri et al. (1997) ; (16) Müller et al. (1996) ; (17) Mahmood et al. (1995) ; (18) Stockdale et al. (2000) ; (19) Dubrulle et al. (2001) ; Stolte et al. (2002) ; (20) Yamaguchi et al. (1992) ; Dubrulle et al. (2001) ; (21) Robertson and Mason (1995) ; (22) Nieto et al. (1992) ; (23) Araujo and Nieto (1997) ; (24) Krull et al. (1997) ; Wang and Anderson (1997) ; (25) Ranscht and Bronner-Fraser (1991) ; (26) Rhee et al. (2003) ; (27) Tan et al. (1987) ; Newgreen et al. (1990) ; Perris et al. (1991b) ; Landolt et al. (1995) ; (28) Tucker and McKay (1991) ; (29) Ring et al. (1995) ; (30) collagen gels, conditions under which chemorepulsion of axons by the notochord and dermomyotome is readily visible (Keynes et al., 1997) . The posterior half-somite has turned out to express a number of candidate repulsive systems for migrating neural crest cells and axon growth cones, and these will be considered in turn.
Eph/ephrin signalling
Several members of the Eph receptor tyrosine kinase family and their ephrin ligands, initially implicated in repulsive guidance of retino-tectal axons (Drescher et al., 1995) , show selective polarized expression in the avian and mammalian sclerotome. The ephrins are subdivided, according to their attachment to the plasma membrane, into ephrin-A ligands (attachment via a GPI anchor) or ephrin-B ligands (transmembrane domain and a cytoplasmic tail); their cognate EphA and EphB receptors bind, respectively, ephrin-A and ephrin-B ligands. Within each subclass, a receptor can bind to more than one ligand and vice versa, and signalling can be bidirectional; however, with a few exceptions (e.g. EphA4 and ephrins-B2, -B3) there is little cross-talk between the two subclasses (Orioli and Klein, 1997; O'Leary and Wilkinson, 1999) .
Studies by Krull et al. (1997) and Wang and Anderson (1997) have implicated Eph/ephrin signalling in contactrepulsion of neural crest cells by posterior sclerotome cells. Krull et al. (1997) showed that EphB3 expression is localized to chick anterior sclerotome cells (including neural crest cells), while the ligand ephrin-B1 is expressed in a reciprocal pattern in the posterior sclerotome. Wang and Anderson (1997) also showed ephrin-B1 expression restricted to the avian posterior half-sclerotome, and ephrin-B2 similarly in the rat, with cognate EphB2 expression by rodent trunk crest cells and motor axons in their passage through the sclerotome. Both groups have provided evidence that this asymmetrical expression of ephrin-B protein is functionally significant. Krull et al. (1997) found that addition of soluble ephrin-B1 ligand to whole trunk explants disrupts segmental migration of the crest, with entry of crest cells into the posterior halfsclerotomes. They also used an in vitro stripe assay for neural crest migration, where crest cells grow preferentially on stripes of fibronectin and avoid alternating stripes of immobilized ephrin-B1, to show that avoidance of ephrin-B1 is blocked by soluble ephrin-B1. Wang and Anderson (1997) similarly showed that (preclustered) ephrin-B-Fc fusion proteins can repel migrating crest cells and growing motor axons in vitro. In the face of such in vitro evidence it is perhaps surprising that, to date, no defects in peripheral nerve segmentation have been reported in mouse embryos with homozygous mutations for Eph/ephrin genes. In particular, defective peripheral nerve segmentation has not been reported in an EphB2/EphB3 double knockout mouse (Orioli et al., 1996; Wang and Anderson, 1997) , or in a null ephrin-B2 mutation (Wang et al., 1998) . The explanation may lie in the potential for functional redundancy in this signalling system, or in the persistence of other repulsive systems in the sclerotome (see below). It has also been shown that the disrupted crest migration seen in Dll1 mutant mice correlates with reduced expression of ephrin-B2 (De Bellard et al., 2002) , although other molecular mediators of segmental crest migration are also likely to be altered in these mutants with disrupted somite polarity.
Further complexity comes from the finding that, while neural crest cells migrate aberrantly into posterior halfsclerotome in chick embryo trunk explants treated with soluble ephrin-B1 (Krull et al., 1997) , motor axon segmentation is unperturbed under these conditions, even using concentrations of soluble ephrin-B1-Fc as high as 20 mg/ml (Koblar et al., 2000) . Moreover, addition of EphB2-Fc fusion proteins, comprising the entire ectodomain of EphB2, and binding all known ephrin-B ligands, likewise fails to alter motor axon outgrowth (Koblar et al., 2000) . This striking observation raises the possibility that crest cells and axons are repelled by separate molecular cues in the posterior half-somite. Supporting this possibility, the growth cones of primary sensory axons do not collapse in response to soluble ephrin-B1 in vitro (Vermeren et al., 2000) . A similar conclusion can be also drawn from considering the distinct ways that crest cells and axons navigate the most anterior somites in the chick embryo, sited immediately posterior to the otic vesicle. Here, the key finding is that while motor (hypoglossal) axons traverse the anterior half-sclerotomes of somites 2 and 3 in the chick (Lim et al., 1987) , these same anterior half-sclerotomes are avoided by neural crest cells, which take only the dorsolateral migration route at these segmental levels (Ferguson and Graham, 2004) . Moreover, when these somites are grafted into the trunk region, the trunk crest is likewise unable to penetrate them (Ferguson and Graham, 2004) .
Roles for EphA/ephrin-A signalling in PNS segmentation have been suggested by McLennan and Krull (2002) , who have shown that segmental migration of neural crest cells in chick embryo trunk explants is disrupted by addition of ephrin-A2-, ephrin-A5-and EphA4-Fc, after which crest cells aberrantly enter the posterior half-sclerotome. The same finding has also been made using a peptide that antagonizes ephrin binding and EphA4 activation (Murai et al., 2003) . Since migrating neural crest cells express EphA4, albeit weakly (McLennan and Krull, 2002; Murai et al., 2003) , and ephrin-A5 is localized primarily to anterior half-sclerotome (McLennan and Krull, 2002; Eberhart et al., 2004) , one possibility is that EphA4/ephrin-A5 signalling promotes (rather than repels) crest migration in this somite region. If so, it is rather surprising that explanted crest cells avoid substrates of ephrin-A5 (McLennan and Krull, 2002) . Eberhart et al. (2004) have suggested that a similar positive interaction maintains EphA4-expressing motor neurons, destined for axial muscles, in the ephrin-A5-expressing anterior half-sclerotome during their outgrowth in the somite; for example, ectopic expression of ephrin-A5 in posterior half-sclerotome by in ovo electroporation causes some axons to extend into this region. These observations concern later stages of development, when EphA4 is localized primarily on axon shafts rather than growth cones, so here the phenotype may reflect the result of defasciculation rather than interference with the earliest stages of segmental axon outgrowth. The overall complexity of ephrin/Eph interactions in directing neural crest migration is also well illustrated by the study of Santiago and Erickson (2002) on the dorso-lateral migration pathway in the chick embryo; ephrin-B/EphB interactions first repel early neural crest cells from this pathway, but later stimulate melanoblast migration into the pathway. Understanding how such bifunctional properties of ephrin/Eph signalling are regulated during neural crest migration will be an interesting area for future research.
F-spondin
Another molecule that appears to have bifunctional properties in PNS segmentation is F-spondin, a nonthrombospondin representative of the thrombospondin type 1 repeat (TSR) superfamily (Adams and Tucker, 2000) . In the posterior half-somite, F-spondin is expressed in the dermomyotome, and in the sclerotome as a gradient with greatest expression at the level of notochord (DebbyBrafman et al., 1999) . The anterior half-somite shows a similar expression pattern, except that F-spondin is absent from the dorso-medial sclerotome; this region corresponds with the early migratory pathway of neural crest, suggesting a repulsive role for F-spondin in crest migration. A number of lines of experimental evidence support this proposal (Debby-Brafman et al., 1999) . In trunk explants cultured in presence of F-spondin protein, crest cells fail to enter the anterior half-somite. Also, the morphology of neural crest cells cultured on posterior sclerotome cells can be converted from a rounded to normal mesenchymal morphology following the application of anti-F-spondin antibodies. Furthermore, when anti-F-spondin antibodies are microinjected into the trunk in ovo, neural crest cells migrate into inappropriate locations, including the dermomyotome and posterior half-somite, resulting in an expansion of the dorsal root ganglion and ventral spinal nerve root into the posterior somite domain. The latter result indicates the possibility of a repulsive role for F-spondin in motor axon guidance and, consistent with this, F-spondin has been shown to induce growth cone collapse and to inhibit axon outgrowth of cultured motor axons (Tzarfati-Majar et al., 2001 ). In addition, these authors have shown that motor axons growing from ventral neural tube explants avoid aggregates of F-spondin expressing-cells in a contact-dependent manner.
Although F-spondin appears to have a repulsive role for crest and motor axons, such a role has yet to be demonstrated for sensory axons. Indeed, it has been reported that F-spondin promotes the outgrowth of rat primary sensory and hippocampal axons . This duality of F-spondin function is further emphasised by the finding that Schwann cell-derived F-spondin promotes peripheral axon outgrowth during development in the rat (Burstyn-Cohen et al., 1998) . Also, F-spondin was previously identified as a floor plate attractant for spinal commissural axons in the chick . It may be that these differential F-spondin effects are dependent on the axon subtype, or that axons change their responsiveness as they migrate into the periphery, for example following encounters with Schwann cells. Fspondin is also known to be processed in vivo to yield two protein domains with different activities, one with reelin/mindin homology and the other with 4 or 6 TSRs, the latter having stronger repulsive properties for motor axons (Tzarfati-Majar et al., 2001) . In this context it is interesting that another member of the TSR superfamily, thrombospondin-1, has been identified as a permissive, rather than repulsive, molecule for neural crest migration. In the chick embryo, thrombospondin-1 is expressed strongly on the myotome basal lamina of the anterior half-somite (Tucker et al., 1999) , adjacent to the stream of migrating neural crest cells (Tosney et al., 1994) , and in vitro it promotes neural crest migration and adhesion (Tucker et al., 1999) .
Other molecules
Several further molecules have been suggested as candidate contact repellents in the posterior half-sclerotome. T-cadherin, a GPI-linked cadherin that is localized to posterior half-sclerotome (Ranscht and Bronner-Fraser, 1991; Fredette and Ranscht, 1994) , inhibits the growth of motor axons in vitro (Fredette et al., 1996) , but its role in mediating segmentation in vivo remains unclear. A number of extracellular matrix molecules are expressed selectively in the posterior half-sclerotomes, implying possible involvement in mediating PNS segmentation (for review see Perris and Perissinotto, 2000; Krull, 2001) . Such a role for chondroitin sulphate proteoglycans (CSPG) as a class has been suggested by experiments using inhibitors of CSPG synthesis (b-D-xyloside and sodium chlorate, administered in vivo by intraperitoneal injection to pregnant mice); diminished somite CSPG synthesis is associated with the entry of neural crest cells into the posterior half-sclerotomes (Kubota et al., 1999) . CSPGs with localization to posterior half-sclerotome include collagen IX (Ring et al., 1995) and versican (Landolt et al., 1995; Henderson et al., 1997) ; collagen IX, for example, has been shown to inhibit neural crest migration and axon outgrowth in vitro (Ring et al., 1995) . In the case of versican, however, a careful analysis of its expression pattern in relation to crest migration has highlighted the difficulties in ascribing functional roles to such molecules based on their expression patterns in the somites . Versican expression is initially uniform throughout the sclerotome, and becomes progressively confined to the posterior half-sclerotome as the dorsal root ganglion compacts in the anterior half. Since expression remains uniform following ablation of the crest, the redistribution of versican in the sclerotome may be a consequence, rather than a cause, of the segmental migration of the neural crest. Migrating crest cells are surrounded by a versican-rich extracellular matrix at all phases of their migration, and when versican-coated micromembranes are implanted in ovo into the crest migration paths, crest cells are attracted towards them rather than repelled . This is in keeping with the observation that the V1 isoform of versican promotes neurite outgrowth (Wu et al., 2004) . On the other hand, a repulsive role for versican does better explain the widespread abnormalities of crest migration seen in Pax3 mutant (splotch) mice, where there is marked overexpression of versican in the pathways of crest migration (Henderson et al., 1997) . Perhaps, like the ephrin/Eph system (see above), versican regulates crest migration in a bifunctional manner, for example depending on which isoforms are expressed where, and when.
A further protein to consider is sema3A, a member of the semaphorin family. Sema3A was originally identified as a secreted repellent that induces collapse of chick primary sensory axon growth cones (Luo et al., 1993) , and as a homologue of grasshopper sema1 (Kolodkin et al., 1993) . Sema3A is expressed selectively in the chick posterior halfsclerotome, albeit at low levels and at stages after the initial phases of trunk neural crest migration (Eickholt et al., 1999) , and a similar localization has been reported in the rat (Wright et al., 1995; Giger et al., 1996) . Its co-receptor, neuropilin-1, is reciprocally expressed on migrating crest cells in the anterior half-sclerotomes, and application of sema3A-Fc to cultured crest cells causes them to round up, with loss of protrusive veils, in a manner analogous to the growth cone collapse response (Eickholt et al., 1999) . Sema3A signalling between posterior sclerotome cells and migrating crest cells may, therefore, provide a further repulsive cue for crest segmentation, and consistent with this, crest cells avoid migrating on stripes of sema3A-Fc in vitro (Eickholt et al., 1999) . It seems likely, however, that it is not a critical determinant of PNS segmentation. First, as indicated above, chick posterior half-sclerotomes show no evidence of secreted repulsive activity for cultured sensory axons, as would be expected if posterior cells express significant levels of sema3A, and as is indeed seen for the dermomyotome and notochord (Keynes et al., 1997) . Second, sema3A forms only a minor component of the growth cone collapse-inducing activity detectable in detergent extracts of chick somites (Vermeren et al., 2000) . Third, no abnormalities of spinal nerve segmentation have been described in null mouse mutants for either sema3A (Behar et al., 1996; Taniguchi et al., 1997) or neuropilin-1 (Kitsukawa et al., 1997) , and neural crest cells migrate selectively in the anterior half-sclerotomes in these mutants (Kawasaki et al., 2002) . Last, spinal nerve segmentation is unaffected by surgical ablation of the dermomyotome (Tosney, 1987) , a site of strong sema3A expression in the chick somite (Shepherd et al., 1996) . On the other hand, sema3A is a good candidate for guiding the trajectory of primary sensory axons in the dorso-ventral axis, as we argue below, and the zebrafish semaphorin sema Z1b, which is closely related to sema3A, has been implicated in the segmental outgrowth of motor axons in this species (Roos et al., 1999) .
PNA-binding glycoproteins
The last candidate molecular system to be discussed was in fact the first to be localized in the posterior halfsclerotome, namely peanut agglutinin (PNA)-binding glycoproteins (Stern et al., 1986; Oakley and Tosney, 1991) . PNA binds to Galb1-3GalNAc residues provided they are unsialylated, and Davies et al. (1990) showed that the lectin jacalin, which has the same carbohydrate specificity as PNA, but whose binding is not inhibited by sialylation, results in the same polarized binding in the sclerotome. This indicates that the differences in surface glycan expression within the sclerotome, as detected by PNA, are not due to differential sialylation in the two sclerotome halves. Davies et al. (1990) used immobilized PNA to identify two glycoproteins of M r 48 and 55K, and confirmed that these proteins are localized in the posterior half-sclerotome. Both PNA and an antibody against these proteins could be used to remove all the growth cone collapse-inducing activity detected in detergent extracts of somites. Krull et al. (1995) have confirmed a role for PNA-binding glycoproteins by showing that the lectin itself, when added to explant cultures of chick embryo trunks, allows crest cells to enter both halves of the sclerotome. The molecular cloning of this system will allow a detailed assessment of its role in PNS segmentation, and of its relationship to the other molecular candidates described above.
Chemoattraction of spinal axons
We have shown how contact-repulsion by posterior halfsclerotome is critical in generating PNS segmentation, but it is likely that growth-promoting interactions are also involved. The roles of ephrinA/EphA signalling, and of thrombospondin and tenascin-C, in promoting neural crest migration through the anterior half-somite have already been discussed. Diffusible attractants secreted from the anterior half-sclerotome are also likely to direct the early growth of motor and sensory axons. For example, chick motor axons leaving the neural tube adjacent to posterior half-sclerotome project towards the nearest available anterior half-sclerotome , and Hotary and Tosney (1996) have shown that the dorsal anterior halfsclerotome is chemoattractive for motor and sensory axons. Mouse sclerotome has also been shown to be chemoattractive for motor axons, and part of this activity can be attributed to hepatocyte growth factor/scatter factor (HGF/ SF; Ebens et al., 1996) . The finding that profuse motor axon outgrowth can take place from the spinal cord in the absence of somites, both in vitro (Keynes et al., 1996) and in vivo (Lewis et al., 1981; Tosney, 1988) , indicates no absolute requirement for somite-derived factors in stimulating initial axon outgrowth. Nonetheless, target-derived factors in the somite are likely to be important at later stages of development, since ablation of the dermomyotome has been shown to prevent the formation of the dorsal primary ramus, providing innervation to epaxial muscles and dermis (Tosney, 1987) .
Surround repulsion of primary sensory axons
As well as being segmentally patterned along the A -P axis, the initial trajectories of growing spinal axons are orientated in a stereotyped dorso-ventral plane. The dorsal root ganglia coalesce in characteristic segmental positions alongside the neural tube, medial to the ectoderm and dermomyotome, and dorso-lateral to the notochord. Each differentiating primary sensory neuron first emits short extensions in random directions, before producing definitive growth cones from both dorsal and ventral poles of the cell, which sprout in dorso-medial and ventro-lateral directions ( Fig. 3A ; Cajal, 1909; Levi-Montalcini and Levi, 1943; Tello, 1947) .
Like segmental patterning, the chick embryo has proved to be an excellent model for investigating how this bipolar trajectory is established. Keynes et al. (1997) used threedimensional collagen gel co-cultures to study the influence of the tissues surrounding the dorsal root ganglion on directional axon outgrowth. The ectoderm, dermomyotome and notochord were all shown to secrete potent sensory axon repellents, while the floor plate secretes a weaker activity. The bipolar trajectory could be mimicked, moreover, by sandwiching a dorsal root ganglion between a piece of dermomyotome and of notochord; axons now extended from the ganglion in a polarized trajectory rather than radially. The term 'surround repulsion' has been coined to describe this pattern of growth, resulting from the secretion of chemorepulsive molecules by the tissues flanking growing axons (Keynes et al., 1997) . In this model it is suggested that the opposing chemorepulsive gradients result in axon growth along the paths of least repulsion, down concentration gradients of repellents in both dorso-medial and ventro-lateral directions. The posterior half-sclerotome acts as a simultaneous source of contact-repulsion (see above), preventing axons from growing along the A -P axis into posterior half-sclerotome. Similar results have been obtained by Nakamoto and Shiga (1998) , who also showed that in the early stages of sensory axon growth, the surrounding tissues of dermomyotome, notochord and ventral spinal cord release chemorepulsive signals for sensory axons, and that these activities arise at the appropriate developmental stages. Schematic transverse section of the chick embryo trunk at the level of an anterior half-sclerotome. Diffusible repellents from surrounding tissues act on primary sensory axons (black arrows) as follows: ectoderm (magenta arrowheads), dermomyotome (green arrows), notochord (purple arrows), floor plate (blue arrows) and basal plate of neural tube (red arrows). The left half of the diagram shows normal development. The right half of the diagram shows the phenotype of sema3A/neuropilin knockout mice; here, in the presence of unopposed midline-derived repulsion, some sensory axons project directly lateral towards the dermomyotome. (B) Several notochord repellents act in concert on different receptor systems expressed by primary sensory axon growth cones: chondroitin sulphate proteoglycans (CSPGs, e.g. aggrecan), sema3A (acting on a receptor complex of neuropilin-1/plexin-A1/L1), and an unidentified repellent (acting on TAG-1/axonin-1/SC2); after Masuda et al. (2004) .
Recent studies have focussed on the molecular nature of these repellents. CSPGs are good candidates, being expressed by the notochord (Newgreen et al., 1986; Oakley and Tosney, 1991) , particularly aggrecan (Domowicz et al., 1995; Bundy et al., 1998) and versican . Masuda et al. (2004) have confirmed a role for aggrecan as a short-range repellent in this system using collagen gel co-cultures. Sema3A is a further candidate as a longer-range repellent; it is expressed by both notochord and dermomyotome (Shepherd et al., 1996) , and two recent investigations have assessed its role in this system. Masuda et al. (2003) have used neutralizing antibodies to show that sema3A and neuropilin-1 mediate dermomyotome-and notochord repulsion, but not repulsion from ventral spinal cord. Using sema3A-or neurophilin-1-deficient mice, they also showed that dermomyotome repulsion is entirely dependent on sema3A/neuropilin-1. Anderson et al. (2003) have undertaken an expression cloning screen to identify axon repellents secreted by the notochord, employing a spectrum of different axon populations to assay the notochord activity. Having identified sema3A as a notochord repellent, this was confirmed using soluble neuropilin-Fc to block sema3A activity in collagen gel assays. They also found that sensory axon repulsion is only partially blocked with soluble neuropilin-Fc, and that retinal axons, which are insensitive to sema3A, are repelled by the notochord. This led them to suggest that multiple factors act in concert to guide axons in this system, and that further notochordderived repulsive molecules remain to be identified. The phenotypes of both sema3A and neuropilin-1 knockout mice (Kitsukawa et al., 1997; Taniguchi et al., 1997) , in which some aberrant sensory axons are seen extending towards the dermomyotome, are consistent with this possibility (Fig. 3A) .
In considering further repellents, it is likely that one interacts with TAG-1/axonin-1/SC2, a member of the immunoglobulin superfamily of cell adhesion molecules which is expressed on growing sensory axons; neutralizing antibodies to axonin-1/SC2 reduce notochord repulsion in vitro, although not completely (Masuda et al., 2000) , and the results of Masuda et al. (2003 Masuda et al. ( , 2004 suggest that a further axonin-1/SC2-binding repellent is secreted by the ventral spinal cord and notochord (Fig. 3B) . At all events, it is clear that the apparent simplicity of surround repulsion of spinal axons at the anatomical level is underlain by a considerable molecular complexity. It is also possible that surround repulsion operates more generally to guide axons in the developing nervous system (Keynes et al., 1997) , and it is significant that an equivalent mechanism can explain the CNS axon phenotypes of the vertebrate slit1/2 mutants (Richards, 2002) .
Conclusions
Since there are now multiple molecular candidates for mediating the guidance of neural crest cells and axons within the somite, it will be important to assess their relative roles in spinal nerve segmentation, and several questions remain unanswered. During vertebrate evolution the segmentation mechanism has transformed from an early type, where sensory axons extend in the inter-somitic spaces and motor axons exit the spinal cord at a mid-somite/myotomal position (Fig. 4; Romer and Parsons, 1977) . In amniotes, as we have seen, the polarized sclerotome dictates that motor and sensory axons segment together in the same position relative to the somite period (Fig. 4) . This indicates that a new mechanism evolved, probably during the amphibian -reptile transition, and in parallel with sclerotome expansion, to align spinal motor and sensory axons together along the A -P axis. Has this transformation also incorporated substantial molecular redundancy into the process? Does each cell type involved-anterior or posterior sclerotome cell, neural crest cell, motor axon or sensory axon-express independent cues that mediate its segmentation? Or does one molecular system dominate in vivo? 
